ABSTRACT Reactions of the photorespiratory pathway of C3 plants are found in three subcellular organelles. Transport processes are, therefore, particularly important for maintaining the uninterrupted flow of carbon through this pathway. We describe here the isolation and characterization of a photorespiratory mutant of Arabidopsis thaliana defective in chloroplast dicarboxylate transport. Genetic analysis indicates the defect is due to a simple, recessive, nuclear mutation. Glutamine and inorganic phosphate transport are unaffected by the mutation. Thus, in contrast to previous reports for pea and spinach, glutamine uptake by Arabidopsis chloroplasts is mediated by a transporter distinct from the dicarboxylate transporter. Both the inviability and the disruption of amino-group metabolism of the mutant under photorespiratory conditions suggest that the primary function of the dicarboxylate transporter in vivo is the transfer of 2-oxoglutarate and glutamate across the chloroplast envelope in conjunction with photorespiratory nitrogen metabolism. The role commonly ascribed to this transporter, conducting malate-aspartate exchanges for the indirect export of reducing equivalents from the chloroplast, appears to be a minor one.
The constituent reactions of the photorespiratory pathway of higher plants occur in three organelles, the chloroplast, the mitochondrion, and the peroxisome. Thus, transport processes must intervene at several steps of the pathway ( Fig. 1) (1, 2) . To the extent that the transport of substrates, products, or cofactors is limiting, these transport processes may be expected to exert a strong regulatory influence on photorespiratory metabolism.
The photorespiratory pathway is initiated by the oxygenation of ribulose bisphosphate by the bifunctional enzyme ribulosebisphosphate carboxylase/oxygenase (EC 4.1.1.39) (3, 4) . 02 and CO2 act as competitive substrates for this enzyme, and the degree to which carbon is diverted from the Calvin cycle to the photorespiratory pathway is a function of the ratio of these two gases in the atmosphere (5) . Experimentally, the flux of carbon through the pathway can be suppressed without adverse effect by placing plants in an atmosphere enriched in CO2 or enhanced by transferring plants to an atmosphere enriched in 02 (6) . Three- quarters of the carbon entering the pathway is returned to the pool of Calvin-cycle intermediates as phosphoglycerate. The remaining carbon is lost as CO2 at the glycine decarboxylase step in the mitochondrion.
Tightly integrated with the photorespiratory carbon cycle is the photorespiratory nitrogen cycle in which ammonia released during glycine deamination is refixed by the sequential action ofglutamine synthetase and glutamate synthase ( Fig. 1) (7) . The resultant glutamate supports both photorespiratory ammonia refixation (8) and glyoxylate amination (9) . In the absence of adequate glutamate pools, glyoxylate is oxidized nonenzymatically to CO2 at rates that significantly reduce net CO2 assimilation (9) , and ammonia accumulates to toxic levels (8) . Because glutamate is synthesized in the chloroplast (7) and consumed in the peroxisome, the transfer ofglutamate and 2-oxoglutarate between these two organelles is a necessary component ofphotorespiratory nitrogen metabolism.
Transport systems operating at the peroxisome-bounding membrane have not been characterized. However, studies with isolated chloroplasts have revealed the presence of a transporter, designated the dicarboxylate transporter, which catalyzes the counter-exchange of several dicarboxylic acids across the chloroplast inner membrane (10) . These compounds include malate, 2-oxoglutarate, aspartate, and glutamate (10) . Glutamine is also a reported substrate for this carrier (11, 12) . Therefore, the chloroplast dicarboxylate transporter is implicated as an important component of the photorespiratory pathway. Because this transporter is also capable of effecting malate-aspartate exchanges, it has been ascribed the role of mediating the indirect export of reducing equivalents to the cytoplasm (13, 14) .
The isolation and characterization of a photorespiratory mutant defective in chloroplast dicarboxylate transport is reported here. Biochemical and physiological analyses of the mutant have proven useful in determining the specificity of this transporter and in ascertaining its primary in vivo role.
MATERIALS AND METHODS Plant Material and Culture. Both the mutant line CS156, the subject of this study, and the previously described line CS113, a glutamate synthase-deficient mutant (8) , were recovered in a screen for mutants of Arabidopsis thaliana (L.) Heynh. (race Columbia) with defects in photorespiratory metabolism (6) . The basis of the mutant selection procedure is that strains with defects in the photorespiratory pathway cannot survive at atmospheric levels of CO2 and 02 but grow normally at 1% CO2, when photorespiration is suppressed.
Plants were grown according to described methods and conditions (15) . For most of this study, a line descended from a backcross of CS156 to the wild type was used. Experiments were conducted with plants at the rosette stage of development (3-4 wk from seeding). Procedures for making genetic crosses and measuring gas exchange have been described (15) .
Labeling Studies. Plants were labeled with 14CO2 for 10 min, and the distribution of label among products was determined by ion-exchange and thin-layer chromatography (15) (16) (17) (8) , were normal in appearance and capable of sustained growth in a normal gas regime. Because the mutation in CS156 complemented that in CS 113, the dct locus was genetically distinguished from the gluS locus.
Gas Exchange Analyses. CO2 fixation was measured on individual plants in nonphotorespiratory ( Fig. 2A ) and photorespiratory (Fig. 2B ) gas regimes. The photosynthesis rate of the mutant exceeded that of the wild type in an atmosphere of low 02 concentration ( Fig. 2A) . In contrast, photosynthesis was impaired in the mutant in atmospheres that promoted photorespiration. In the photorespiratory gas regime of nitrogen containing.49% 02 and 357 A.l of C02 liter', the final rate of CO2 -fixation in CS156.was reduced to 27% of the rate in wild type (Fig. 2B) . CO2 evolution into C02-free 50% 02/50% N2, a measure of photorespiration, also was reduced in mutant plants (data not presented). Thus, the lesion in mutant CS156 disrupted photorespiratory metabolism specifically and had no detectable effect on photosynthesis and growth in nonphotorespiratory environments.
Metabolite Distribution. A defect in photorespiratory metabolism was evident in the mutant from the altered distribution pattern of metabolites labeled with '4Co2 for 10 min in a photorespiratory gas regime (Table 1) . Notably, the accumulation of 14C label in the basic fraction was reduced and that found in the acid-i fraction was increased in mutant plants compared to In consideration of the difficulties associated with equating the distribution of radioactive label. and'mass flow of metabolites, we undertook a quantitative analysis of amino acid pools in the leaf under photorespiratory conditions. The results of this experiment confirmed that the mutant harbored a defect in glutamate metabolism (Fig. 3) '. Upon illumination, glutamate levels in the mutant declined, suggesting that utilization of this amino acid. greatly exceeded its synthesis (Fig. 3A) '. Glutamine levels in the mutant declined slightly and then stabilized at a relatively high level (Fig. 3B) . Lack of depletion of glutamine pools and accumulation of '4C label in 2-oxoglutarate (Table 1) implied that the mutant was not able to convert these two compounds to glutamate. Ammonia accumulated to abnormally high levels in the mutant plants (Fig. 3C) . A similar result was observed in the gluS. mutant, CS113, which. was unable to refix photorespiratory ammonia by the glutamine synthetase/glutamate synthase reactions (8) . The-metabolism of glycine (Fig.  3D) and that of serine (Fig. 3E) , both intermediates of the photorespiratory pathway, were also abnormal in the mutant line. These are considered secondary effects resulting from the disruption of photorespiratory metabolism. Proc. Natl. Acad. Sci.-, USA 80 (1983) e--l' (Fig.  4) . To better characterize the transporters in wild-type Arabidopsis chloroplasts, kinetic parameters describing the concentration dependence of transport rates for these compounds were determined (Table 3) . Apparent Km values were slightly higher than those reported for spinach (10, 25) and pea (12) . Values of Vma, for the four dicarboxylates and glutamine were considerably higher (10, 12) . For chloroplasts from the mutant, the transport of malate, 2-oxoglutarate, aspartate, and glutamate was severely reduced. However, the uptake of glutamine was indistinguishable from the wild type, suggesting that this amino acid was transported by a carrier distinct from the dicarboxylate transporter (Fig. 4E) . The-uptake of inorganic phosphate was unaffected by the lesion at the dct locus in the mutant (Fig. 4F) . Similar results were obtained at 250C. Thus, it is unlikely that the loss of dicarboxylate transport activity was an artifact of lowtemperature effects on the mutant chloroplast envelope. Also, the normal functioning of two carriers in the envelope of the mutant indicated that the lesion was specific for dicarboxylate transport and did notaffect thegeneral architecture of the chlo-.roplast envelope.
The chloroplast dicarboxylate transporter is reported to operate by a counterexchange mechanism (10) . For some exper- (Fig. 4B) . (Table 2 and Fig. 3) .
The lethality of the dct mutant in atmospheres promoting photorespiration can be explained by the in vivo loss of glutamate synthase function. This in turn restricts glyoxylate amination and photorespiratory ammonia refixation (Fig. 3C) by limiting the supply of glutamate (Fig. 3A) . If glyoxylate is not transaminated, it does not accumulate but undergoes nonen' zymatic oxidation, resulting in, a greatly enhanced loss of recently fixed carbon. As a result, Calvin-cycle intermediates are depleted, leading to a decline in net CO2 fixation (Fig. 2B) . Similar explanations have been offered for the high CO2 growth requirement of four other classes of mutants with defects in photorespiratory nitrogen metabolism (8, 9, 26, 27 ).-These results emphasize the interdependence of the photorespiratory carbon and nitrogen cycles.
The chloroplast dicarboxylate transporter is generally considered an essential component of a malate shuttle for transporting reducing equivalents across the chloroplast inner membrane (13, 14) . Because mutant CS 156 was recovered in a screen for photorespiratory mutants and was capable of normal photosynthesis ( Fig. 2A) and growth in nonphotorespiratory regimes, the major role of the chloroplast dicarboxylate transporter in vivo must be as a component of the photorespiratory nitrogen cycle. Conversely, the proposed role for this transporter as a part of the chloroplast malate shuttle appears to be of minor physiological importance. The chloroplast phosphate translocator is the only other known route for indirectly exporting reducing equivalents from the chloroplast at significant rates (14, 25) . However, both ATP and NAD(P)H are exported in an obligate manner by this transporter. It seems likely that some mechanism must exist for modulating the cytosolic levels of ATP and NADH. The low level of dicarboxylate transport activity observed in the dct mutant may be adequate to meet this requirement.
The dct mutant has been useful for determining the specificity of the dicarboxylate transporter. Previous studies based on back-exchange (11) and competition (12) experiments suggested glutamine was transported across the chloroplast envelope by the dicarboxylate transporter. This appears to be inconsistent with the observation that glutamine transport is unaffected by the lesion at the dct locus in the mutant. Clearly a separate transporter for glutamine, distinct from the dicarboxylate carrier, must occur in the chloroplast envelope. The discrepancy between previous and present results regarding the specificity of the dicarboxylate carrier can be resolved if two carriers with overlapping specificity exist in the chloroplast en.
velope. The carrier defined by the dct mutant recognizes dicarboxylates but not glutamine (Fig. 4) , whereas the second carrier presumably transports dicarboxylates at a low rate and glutamine. The low level of malate, 2-oxoglutarate, glutamate, and aspartate uptake by chloroplasts of the dctmutant may represent transport activity by this second carrier. Aspartate (10) and 2-oxoglutarate (M. 0. Proudlove and D. A. Thurman, personal communication) are recognized by more than one chloroplast carrier. In each case, the second transporter was described as having a relatively low activity.
Mutants harboring defective transporters generally have been identified as being resistant to an exogenously supplied toxic substance. For this reason, transport processes operating across the plasma membrane of simple organisms have been the most amenable to analysis with. mutants. The dot mutant of Arabidopsis demonstrates that intracellular transport in eukaryotes also can be subject-to mutant analysis.
